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Abstract 

The  electrical  characterization  of  boron-doped  />-Sio.o8Geo.9oSno.o2/p-Ge(100)  and  p- 
Sio.n2Geo.86Sno.o28/«-Si(100)  with  various  epilayer  thicknesses  was  measured  using  the 
Hall  effect.  The  room  temperature  sheet  carrier  concentration  ranged  from  1.21  x  1013  — 
1.32  x  1016  cm'2.  The  room  temperature  mobilities  were  measured  to  be  between  166 
and  717  cm  /V  s,  depending  on  sample  composition.  In  the  low  temperature  regime,  the 
mobility  was  mainly  affected  by  ionized  impurity  scattering.  In  the  high  temperature 
regime,  the  mobility  was  mainly  affected  by  both  alloy  and  lattice  scattering.  The 
acceptor  activation  energy  was  estimated  to  be  10.7  meV.  The  Hall  data  indicated  that  an 
interfacial  layer  between  the  epilayer  and  substrate  participated  in  both  carrier 
concentration  and  hall  mobility  measurements.  From  the  results  of  infrared  transmission 
measurements  of  the  /?-Sio.o8Geo.9oSno.o2/p-Ge(100)  at  room  temperature,  an  effective 
mass  was  estimated  to  be  mhh  =  0.30 m,  rriih  =  0.051m,  mso  =  0.79m,  and  Ae  = 
0.30  eV,  where  Ae  is  the  splitting  between  heavy  hole  and  split-off  valence  bands.  The 
indirect  and  direct  bandgap  energy  values  for  the  /?-Sio.n2Geo.86Sno.o28/ra-Si(100)  were 
estimated  to  be  0.780  eV  and  0.845  eV,  respectively.  The  results  of  photoluminescence 
measured  at  15  K,  for  the  /?-Sio.o8Geo.9oSno.o2/p-Ge(100)  sample  with  a  600  nm  film 
thickness,  revealed  the  onset  of  a  luminescence  peak  at  0.885  eV. 
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ELECTRICAL  AND  OPTICAL  CHARACTERIZATION  OP  Si-Ge-Sn 


Introduction 

Data  transfers  within  a  microprocessor  have  been  operating  at  multi-gigahertz 
speeds  for  more  than  a  decade.  Unfortunately,  the  copper  lines  used  to  connect 
microprocessors  and  external  memories  suffer  signal  losses  of  50%  at  2  GHz  and  an 
astounding  98%  at  10  GHz  [1],  These  losses  are  due  to  resistive  effects  inherent  in 
metals.  The  solution,  which  has  long  been  adopted  by  the  telecom  industry,  is  signal 
transmission  via  photons.  The  problem  with  this  solution,  until  recently,  has  been  that 
integrated  circuits  use  electrons  for  bit  storage,  transport  and  manipulation,  making  the 
introduction  of  metals  a  requirement  in  computing  infrastructure.  In  2007,  Intel® 
changed  this  by  demonstrating  a  40  Gbps  strained  Si-Ge  photodetector  with  only  a  5% 
signal  loss.  The  Si-Ge  photodetector  converts  incoming  photons  into  electrical  signal 
and,  because  it  is  a  Si  based  device,  it  is  easily  compatible  with  current  microprocessor 
infrastructure.  An  added  benefit  is  that  the  photodetector  operates  in  the  1.3- 1.6  pm 
telecommunication  range  [2], 

In  order  to  create  the  Si-Ge  hetero structure  with  this  type  of  efficiency,  strain 
engineering  had  to  be  employed.  Strain  engineering  can  lead  to  several  issues  in  making 
device  quality  structures,  such  as  threading  defects  and  dislocations.  Ultimately,  these 
problems  can  cause  signal  loss  and  device  failure. 
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Due  to  recent  advances  in  ultra-high- vacuum  chemical- vapor-deposition  (UHV 
CVD)  techniques  at  Arizona  State  University,  stable  Ge-Sn  and  Si-Ge-Sn  alloys  have 
been  epitaxially  grown  on  Ge,  Si,  and  GaAs  substrates.  Since  Ge-Sn  and  Si-Ge-Sn  are 
lattice  matched  [3]  and  have  shown  response  in  the  entire  telecom  band  [4],  these  all- 
group-IV  semiconductor  structures  may  be  the  best  candidates  to  alleviate  the  problems 
of  strain-engineered  Si-Ge.  However,  further  investigation  is  required  to  characterize  the 
properties  of  Ge-Sn  and  Si-Ge-Sn  and  ensure  it  is  better  suited  for  the  task  of  either 
replacing  or  becoming  an  alternative  to  strain-engineered  devices. 

The  important  properties  to  be  investigated  are  residual  impurities  and  their 
energy  levels,  defects,  optically  active  transitions,  bandgap  energies,  mobility, 
conductivity,  and  carrier  concentrations  in  Si-Ge-Sn  alloys  as  a  function  of  alloy 
composition,  sample  temperature  and  device  structure. 

If  Ge-Sn  or  Si-Ge-Sn  is  found  to  be  of  opto-electronic  device  quality,  the  material 
could  revolutionize  computing.  This  would  significantly  benefit  Air  Force  and 
Department  of  Defense  mission  capabilities  in  the  area  of  data  transfer  and  processing. 
This  research  will  be  critical  in  furthering  device  creation  of  Si-Ge-Sn  optoelectronics. 

1.1  Objectives 

Optoelectronic  devices  operating  in  the  1.3 -1.6  pm  range  are  a  topic  of  intense 
current  research.  These  infrared  (IR)  devices  are  of  particular  interest  to  the  Department 
of  Defense  and  a  breakthrough  in  this  area  could  significantly  enhance  communication 
mission  capabilities.  Si-Ge-Sn  and  Ge-Sn  alloys  are  materials  that  have  shown  good 
preliminary  optical  responses  in  the  IR  telecom  regime  [4],  However,  the  optical  and 
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electrical  properties  of  these  alloys  are  not  well  characterized  yet.  Therefore,  systematic 
studies  of  these  materials  are  critical  for  device  fabrication. 

The  objective  of  this  study  is  an  investigation  of  the  residual  impurities  and  their 
energy  levels,  defects,  optically  active  transitions,  bandgap  energies,  mobilities, 
conductivities,  and  carrier  concentrations  in  newly  developed  Si-Ge-Sn  alloys  as 
functions  of  alloy  composition,  sample  thickness,  sample  temperature,  and  device 
structure.  The  optical  characterization  studies  were  carried  out  by  PL,  transmission,  and 
absorbance  measurements.  The  electrical  characterization  studies  were  made  by  Hall 
effect  measurements  [5]. 

1.2  Background 

Silicon  (Si)  is  the  bedrock  of  our  society’s  computing  infrastructure.  Germanium 
(Ge)  is  an  extremely  responsive  optical  detector.  For  years,  researchers  have  been 
attempting  to  combine  the  two  materials  to  make  optoelectronic  devices.  Unfortunately, 
Si-Ge  semiconductors  have  an  indirect  bandgap.  Making  direct  bandgap  material  of  Si- 
Ge  has  so  far  been  impossible  without  the  use  of  strain  engineering  to  lower  the  direct 
bandgap,  a  technique  that  is  difficult,  time-consuming,  and  prone  to  defects  [6], 

Until  recently,  growth  of  Ge-Sn  and  Si-Ge-Sn  has  been  hampered  by  lattice 
mismatches  of  up  to  15%.  In  2002,  researchers  in  the  Department  of  Chemistry  and 
Biochemistry  at  Arizona  State  University  created  a  novel  method  of  alloying  Ge-Sn  on 
Si(100)  using  UHV-CVD.  Si-Ge-Sn  was  also  developed  by  the  same  group  in  2003,  but 
has  been  studied  to  a  lesser  extent  due  to  the  alloys’  initial  growth  solely  as  a  buffer  layer 
for  Ge-Sn.  The  most  intriguing  aspect  of  these  semiconductor  structures  is  the  possibility 


3 


of  creating  a  direct  bandgap  semiconductor  from  all  group  IV  materials.  By  alloying 
with  a-Sn,  the  direct  gap  and  indirect  gap  energies  of  Ge  are  both  reduced.  The  direct 
gap  reduces  faster  with  additional  Sn,  making  bandgap  tuning  possible.  Currently,  only 
0.06  percent  Sn  is  required  to  convert  the  Ge-Sn  alloy  to  a  direct  gap  semiconductor  [7]. 
Additionally,  these  structures  have  a  root  mean  squared  surface  roughness  of  0.5- 1.4  nm, 
which  is  comparable  to  Si  [8].  The  growth  temperature  ranges  from  250-350  °C  and  the 
Si-Ge-Sn  semiconductor  structures  have  shown  stability  at  temperatures  greater  than  800 
°C  [9], 
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1.3  Semiconductors 

There  are  three  important  topics  to  understand  when  investigating 
semiconductors.  First  is  the  band  structure,  next  is  the  distribution  function  of  the  charge 
carriers,  and  finally  the  density  of  states.  These  three  fundamental  processes  can  give 
great  insight  into  Hall  effect,  transmission,  absorbance,  and  PL  experiments. 

1.3.1  Band  Structure 

The  full  derivation  of  a  semiconductor’s  band  structure  involves  a  complete 
quantum  mechanical  treatment  where  each  wave  function  extends  throughout  the  entire 
lattice  [10,  11],  This  is  an  extremely  complex  problem.  The  tight  binding 
approximation,  coupled  with  Bloch’s  theorem,  essentially  reduces  the  wave  function 
overlap  to  nearest  neighbors  thus  simplifying  the  derivation  greatly.  Let  Hatipj  =  Ejipj 
where  Hat  is  the  crystal’s  Hamiltonian  and  ipj  is  the  Bloch  function  of  the  /h  electron, 
given  by  xpj  k  (r  +  T)  =  CelkTip(r ),  where  C  is  a  normalization  constant  depending  on 
the  number  of  atoms  in  the  lattice,  C  =  IV-1/2,  and  T  is  a  translation  of  the  direct  lattice. 
Hat,  is  given  by: 


(0.1) 


where  V  is  the  atomic  potentials  centered  at  the  various  sites,/,  in  the  lattice.  When  j  =  j  ’, 
the  Hamiltonian  will  be  large  compared  to  the  other  values  considering  that  atomic 

potentials  decrease  rapidly  with  distance.  Let  ^  +  V(r  —  Rj)  =  H0.  Thus,  Hatxpjk  = 
Eo^Pj.k  +  Tij^jr  V(r  —  Rj ,)  i pj  k.  Multiplying  by  ipj  k  and  integrating: 
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(2.2) 


E  =<  ^j,k\Eo\^j,k  >  +  J  *Pj,k^v(r-  Rp)^j,kdr3, 

i*i< 

and  further  separating  equation  (2.2)  into  nearest  neighbor  and  next-nearest  neighbor 
terms 


E  =  E0+  ( x p]k  V(r  Rji^x/jj  kdr3  +  [  i/>;*fc  Y  V(r-  Rj,)xpjikdr3 . 
2  J  .  . 


}*}'*}" 


(2.3) 


Call  the  first  integral  —a  and  let 


/«■*  I 


V(r  —  Rj,)  xpj  kdr 


=  ~rl 


]*]'*]' 


(2.4) 


We  conclude  that 


T“ ¥  T  T  VI  ik(R  j—R  -r  ^ 

E  =  E0  -  a -yXj*j'*j"  e  v >  j  Jt  (2.5) 

with  the  last  term  giving  rise  to  bands.  As  an  example,  Leman  [12]  performed  this 
calculation  for  a  face  centered  cubic  crystal  and  an  electron  configuration  of  column  IV 

atoms,  ns2np2.  The  hybrid  s  and  p  eigen  states  are  0O1  =  ancj  02  3  = 

4>s+4>x±4>y  4>z  w^h  eigenvalues  of  <  <pj\H0\<pj  >  =  ^ (Es  +  3 Ep)  and  <  <pj\H0\<pj,  >  = 

^  (Es  —  Ep).  This  results  in  6  bands  with  the  energy  gap  equal  to  Eg  =  2EC  — 

5  ( eV ),  where  Ec  is  the  binding  energy  (or  cohesive  energy)  as  shown  in  figure  1. 
Experimentally,  one  observes  Eg  =  1.85 Ec  —  5.36  (eV),  demonstrating  the  agreement 
with  this  approximation.  Figure  1  gives  a  benchmark  for  the  expected  energy  values  that 
one  expects  to  observe  for  Si-Ge-Sn  alloys. 
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Figure  1.  The  relation  between  cohesive  energy  and  bandgap  width  obtained  by  LCAO  method 
for  the  sequence  of  crystals  of  elements  of  column  IV  of  the  Periodic  Table  [11]. 


1.3.2  Density  of  States 

The  density  of  states  can  be  thought  of  as  the  number  of  states  per  unit  volume  in 
a  certain  energy  range.  In  momentum  space,  if  a  spherical  energy  surface  with  constant 
energies  of  e  +  de  is  assumed,  one  can  describe  this  surface  as  Px  +  py  +  pz  =  2m* e, 
where  px,  py,  and  pz  are  momentum  values  in  the  x,  y,  and  z  directions,  respectively,  and 
m*  is  the  electron  effective  mass.  The  volume  of  the  surface  is  dVp  =  Anp2dp. 
Combining  these  two  equations,  dVp  =  Anm*\j(2m*e)de.  The  density  of  states  can  then 

3 

,  ,  -i  .  i  dVp  47rm*V2m*e  ,  ~  ,,  ,  s  ,  8^j2nVm*2'Je 

be  described  by  =  — h3/2V — or  finally  g{e)de  = - — - de.  In  two 

dimensions,  instead  of  using  dVp,  the  change  in  area,  Ap,  is  used.  Here,  dAp  =  2nm*de 
and  following  the  same  method  as  above,  g(e)de  =  -  de.  The  density  of  states  in 


one  dimension  is  g(e)de  =  -  ^-de,  as  shown  in  figure  2.  The  density  of  states  of  a 

h  \  € 


material  can  be  observed  in  band-to-band  transitions  on  the  low  energy  side  of  both 
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luminescence  and  absorption  experiments;  it  is  also  key  in  Hall  effect  measurement 
analysis. 


Figure  2.  Schematic  drawing  of  the  density  of  states  as  a  function  of  energy  for  three-,  and  quasi- 
two-,  one-  and  zero-dimensional  systems  in  the  effective  mass  approximation.  The  dashed  line 
corresponds  to  disorder-induced  localized  states  [13]. 


1.3.3  Distribution  of  Charged  Carriers 

In  thermal  equilibrium,  t  he  distribution  of  electrons  in  a  semiconductor  can  be 
described  by  the  Fermi  Dirac  distribution  function: 

/e(£)  =  E-Ef  ,  (0.6) 

e  kT  +1 


where  k  is  Boltzmann’s  constant,  T is  temperature,  and  Ef  is  the  Fermi  level,  located  in 
the  middle  of  the  bandgap  for  intrinsic  semiconductors  at  0  K.  For  holes,  fh(E)  =  1  — 
fe(E).  When  the  density  of  states,  g(e),  is  multiplied  by  the  distribution  function  and 
integrated,  one  can  determine  the  concentration  of  charge  carriers: 
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iV(e)de  =  f(e)g(e)de.  (0.7) 

For  p-doped  semiconductors  the  distribution  of  charge  carriers  differs  from  (2.6).  Let  Na 

be  a  concentration  of  acceptors  in  the  material.  At  temperatures  where  the  Fermi  energy 

level  is  above  the  acceptor  energy  level,  the  acceptor  level  will  be  populated  with 

electrons,  creating  holes  in  the  valence  band.  This  shifts  the  Fermi  energy  level  to 

Ef  =  kTln  (~~j  +  Ev,  where  k  is  Boltzmann’s  constant,  T is  the  temperature,  Nv  is  the 

concentration  of  holes  in  the  valence  band,  and  Ev  is  the  energy  of  the  valence  band  as 
shown  in  figure  3. 


Figure  3.  From  left  to  right,  the  band  diagram,  the  density  of  states,  the  Fermi  function  and  the 
carrier  concentration  as  a  function  of  energy  for  a  p-type  semiconductor  at  room  temperature 
[11]. 


1.4  Photoluminescence 

The  purpose  of  this  section  is  to  inform  the  reader  on  band-to-band  processes  that 
can  be  attributed  to  the  various  structures  observed  in  PL.  PL  is  a  non-invasive  and  fairly 
straightforward  method  of  interrogating  excitonic  and  defect  states  in  semiconductors. 

PL  can  also  be  used  to  determine  band-to-band  transitions  in  a  semiconductor,  although 
reabsorption  above  bandgap  energy  can  make  this  technique  more  difficult. 
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In  a  direct  gap  material,  as  shown  in  figure  4a,  a  photon  with  energy  greater  than 
the  bandgap  is  absorbed  by  the  material  causing  an  electron-hole  pair  to  be  created.  The 
electron-hole  pair  undergoes  a  non-radiative  transition  from  level  5  to  4,  figure  4b,  and 
then  may  recombine,  emitting  a  photon  of  longer  wavelength.  In  general,  state  4  can 
recombine  into  three  different  states,  the  light  hole  (lh)  band,  heavy  hole  (hh)  band  and 
split-off  (so)  band,  however,  the  direct,  or  gamma  point,  transition  is  the  most  probable. 

In  an  indirect  gap  material,  depicted  in  figure  4c,  this  transition  process  is 
different.  The  electron-hole  pair  still  undergoes  a  non-radiative  transition  from  6  to  5 
(figure  4d),  but  in  order  for  a  radiative  transition  to  occur  (5— >3,  5— >2,  5— >1),  at  least  one 
phonon  must  be  either  absorbed  or  emitted  simultaneously  ( 5 — >4)  to  conserve 
momentum,  thus  making  luminescence  in  indirect  gap  material  much  less  likely  than 
direct  gap  material.  To  illustrate  this  point,  it  has  been  shown  that  the  recombination  rate 
is  related  to  Bdirect  ~  10 ~8cm3s~1  and  Bindirect  ~  10 ~15cm3s~1  for  the  indirect  gap  of 
Ge  [14].  For  PL  of  Ge,  this  may  seem  counter-intuitive  because  the  luminescence  from 
the  indirect  gap  is  more  intense,  but  because  the  population  of  charge  carriers  in  the  direct 
gap  is  much  less  than  that  in  the  indirect  gap,  the  luminescence  is  still  greater  from  the 
indirect  gap. 
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Figure  4.  Left  (a,c),  band  representation  in  momentum  space  of  a  direct  and  indirect  gap 
semiconductor,  respectively.  Right  (b,d),  energy  diagram  for  radiative  (dashed  arrows)  and  non- 
radiative  (solid  arrows)  recombination  in  a  direct  and  indirect  gap  semiconductor. 


Acc  ording  to  Pankove  [15],  the  most  probable  simultaneous  transition  is 
emission  of  a  phonon.  The  number  of  phonons  available  for  absorption  is  small  and 
rapidly  decreases  with  decreasing  temperature.  Thus,  at  lower  temperatures  one  would 
expect  a  more  intense  PL  signal  as  less  energy  is  used  for  excitation  of  phonons  not 
participating  in  radiative  recombination.  Phonons  have  six  possible  modes,  two  of 
transverse  acoustic,  two  of  transverse  optical,  and  one  mode  each  of  longitudinal  acoustic 
and  optical.  Multiple  phonon  emission  and  absorption  is  also  possible  but  with  less 

probability.  The  average  phonon  energy  is  related  to  the  Debye  temperature,  0,  of  a 
2 

material  by  eav  =  -k&  where  k  is  Boltzmann’s  constant.  For  Ge,  the  Debye  temperature 
is  378  K  making  the  average  phonon  energy  21  meV. 
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The  intensity  of  band-to-band  luminescence  is  given  by  the  equation 

I~\M\2g(hv)N(hv),  (0.8) 

where  \M\2  is  the  quantum  mechanical  transition  probability,  and  g(hv)  and  N (hv)  are 

the  density  of  states  and  concentration  of  charge  carriers  respectively.  A  direct  gap 

material  with  a  low  enough  concentration  of  charge  carriers,  which  can  be  used  for  the 

Maxwell  Boltzmann  approximation  for  the  distribution  function  has  a  luminescence  line 

shape  shown  below  with  proportionality  constant  C,  temperature  T,  and  Boltzmann’s 

constant  k\ 

I  =  C(e-  es)1/2 eAr .  (0.9) 

Solving  for  eg,  the  bandgap  energy,  is  straight  forward  by  taking  the  derivative  of 

equation  (2.9)  and  setting  it  equal  to  zero.  This  results  in  the  luminescence  peak, 

kT 

epeak  =  £g  +  — .  For  a  degenerate  semiconductor,  equation  (2.9)  is  slightly  more 

difficult  considering  that  the  Maxwell  Boltzmann  approximation  cannot  be  used.  In  this 

2  2 

case,  £f’ermi  =  — —  (3n2Ne  h)3,  where  c  or  v  represents  the  conduction  or  valence  band, 

respectively,  and  Ne  h  is  the  carrier  concentration  of  electrons  or  holes,  respectively. 
Additionally,  when  self-absorption  affects  are  considered  the  intensity  of  luminescence, 
equation  (2.9),  changes.  If  the  radiative  recombination  occurs  uniformly  inside  the 
sample,  the  emitted  intensity,  Ise,  is  given  by, 


(1  -  R)I(1-  e~at) 


(0.10) 


where  R  is  the  reflectance  of  the  exit  surface,  I  is  the  emission  spectrum  given  by 


equation  (2.9),  a  is  the  absorption  coefficient  (discussed  in  more  detail  below),  and  t  is 
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the  thickness  of  the  sample.  From  equation  (2.10),  it  is  apparent  that  the  emission 
spectrum  will  be  reduced  significantly  for  samples  that  are  strongly  absorbing  [15]. 

Excitonic  radiation  can  be  from  either  free  exciton  or  bound  exciton  transitions. 
Free  excitons  can  be  thought  of  as  free  carrier  pairs  that  have  hydrogen-like  interaction  in 
the  lattice.  Free  excitons  usually  extend  over  large  distances  in  the  lattice  and  the 
emission  can  be  identified  by  a  high  energy  luminescence  peak.  The  intensity  of  free 
exciton  luminescence  is  described  mathematically  by 


I  =  Ce  ~kr~ e  2 ff2  , 


(0.11) 


where  ex  is  the  free  exciton  energy  and  a  is  related  to  the  full  width  at  half  max  by 
FWHM  =  la^fllrCZ.  On  the  other  hand,  bound  excitons,  which  stem  from  impurity 
centers  in  the  lattice,  can  be  identified  on  the  low  energy  side  of  the  free  exciton 
luminescence  peak.  Bound  excitons  have  a  full  width  at  half  maximum  on  the  order  of 
meV.  Often  bound  and  free  excitons  will  be  observed  together  [15], 

Impurities,  vacancies,  dislocations,  and  boundaries  can  also  lead  to  other  forms  of 
radiative  recombination.  Impurities  are  most  easily  thought  of  as  a  hydrogen-like  system. 
With  increasing  temperature,  the  impurity  atom  ionizes  causing  an  attractive  force  on 
conduction  band  electrons  and  repulsive  force  on  valence  band  holes.  In  a  p- type 
material,  such  as  boron  doped  Si-Ge-Sn,  impurities  create  a  tailing  in  the  density  of  states 
in  the  valence  band.  This  leads  to  lower  energy  tailing  as  temperature  increases. 

Band-to-band  recombination  in  p- type  material  should  show  power  dependence  in 
luminescence  considering  that  there  are  more  majority  carriers  (holes)  than  minority 
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carriers  (electrons).  As  incident  power  is  increased,  more  minority  carriers  are  created 
thus  intensity  should  have  a  nearly  linearly  proportionality  to  excitation  energy  [16]. 

1.5  Transmission  of  Light  through  a  Material 

Much  can  be  learned  by  the  transmission  of  light  through  a  semiconductor.  The 
simplest  case  is  transmission  through  a  uniform  material.  T,  the  ratio  of  transmitted 
power  over  incident  power,  is  equal  to  incident  intensity  multiplied  by  the  amount  not 
reflected  on  the  first  surface,  Rt,  and  by  the  amount  absorbed  by  the  material  and  by  the 
reflected  light  as  the  light  exits  the  material,  R2:  T  =  (1  —  /?1)e_at (1  —  R2),  where  t  is 
the  thickness  of  the  material,  and  a  is  the  absorption  coefficient.  If  the  material  is  in  a 
uniform  environment  where  R1  =  R2,  then  T  =  (1  —  R)2e~at .  When  multiple 
reflections  at  the  surfaces  of  the  material  are  considered,  the  resulting  transmission  can  be 

(^1  — — at 

described  by:  T  =  1_fi2e- 2at-  The  reflectivity  R  at  normal  incidence  is  given  by: 

R  =  [~~~j  ,  where  n2  and  nt  are  the  complex  indices  of  refraction  for  the  material  and 
the  ambient  environment,  respectively.  The  absorption  coefficient  a,  for  an  indirect  gap 
semiconductor,  is  proportional  to  a~{E  —  Eg)2  and  for  a  direct  gap  semiconductor, 

a~(E  —  Eg)  .In  thin  films,  sometimes  the  absorption  of  the  substrate  cannot  be 
decoupled  from  that  of  the  epilayer  and  thus  the  absorbance,  in  units  of  optical  density 
(OD),  is  used  in  place  of  the  absorption  coefficient.  The  absorbance,  A  =  —Log10(T). 

For  p- type  semiconductors,  transitions  are  possible  between  the  lh,  hh,  and  so 
bands  [15],  This  appears  to  be  first  theoretically  studied  by  Khan  [17]  for  Ge  and  Si. 

The  absorption  coefficient  for  the  first  and  second  valence  bands  (hh  and  lh)  is 
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a12(e)  =  CZfclFfc2< \mi2\2  KA  ~f2)S(e2  -  +  e)Sklyk2, 


(2.12) 

where  a12  is  the  absorption  coefficient  for  the  lh-hh  transition,  but  more  generally,  aiyj  is 
the  absorption  coefficient  for  transitions  between  the  j  and  i  bands  where  1 ,  2,  and  3  are 
the  hh,  lh,  and  so  bands,  respectively.  In  equation  (2.12),  M  is  the  interband  transition 
matrix  mentioned  previously,  C  is  a  constant,  et  is  the  spherical  energy  surface 
approximation  for  the  ith  band,  Sklk2  is  the  Kronecker  delta,  and  S(e2  —  e1  +  e)  is  a  delta 
function.  A  further  approximation  to  equation  (2. 12)  is  the  use  of  a  Maxwell  Boltzmann 


✓ — N-fl3  _ L 

distribution,  given  by  fi\k)  = - l- - -e  kT,  where  Nu  which  is  the  number  of  carriers 

(27rm-kr)2 

in  the  ith  band,  m*  is  the  effective  mass  of  the  band,  k  is  Boltzmann’s  constant,  T  is  the 
temperature,  h  is  Planck’s  constant  divided  by  2n,  and  Ei  is  the  energy.  When  equation 
(2.12)  is  solved  for  the  transitions  within  the  three  bands,  one  obtains  the  following 
equations: 

alh-hh(£)  = 

i 

nc  2 


16n2yf2e2h2A\2'ir^i'^22^ 


5  3 

m2(ml  —  m.2)2(.kT)2 


(0.13) 


e  *m7 


e  *  m, 


exp 


kT{m\-m*2)/ 


-  exp  I 


kTiml  -  m*2)/ 


® so-hh(£ ) 


3  5  , 

16n2y[2e2h2A\2m\m*22N 


he  he) 
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m2(ml  -  m*3)2-^(kT)2 


(0.14) 
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and 


exp 


(e  -  A e)ml 
kT(ml  —  ml) 


16n2yfle2h2A\3  ( ml/ml )  2m*2m*32N  (j^  — 


^so-hhC^) 


3 

-Y 

he) 


3 ' 

2  '  m2(m*3  -  m*2)2  (kT) 2 


(0.15) 


/  (e-A e)m^_\ 
eX^  \kT(ml  —  m*2) )' 

In  equations  (2.13)-(2.15),  N  is  the  concentration  of  charge  carriers;  m  \ ,  m2,  and 
m3  are  the  effective  masses  of  the  hh,  lh,  and  so  bands,  respectively;  n  is  the  index  of 
refraction;  Ae  is  the  energy  difference  between  the  hh  and  so  bands;  and  AU]  is  a 
dimensionless  parameter.  For  a  full  quantum  mechanical  treatment,  see  Basu  [18]  or 
Khan  [17].  It  is  straight  forward  to  show  that  the  maximum  in  absorption  occurs  at 

e13  =  A e  +  -kT  —  ^  and  e2  3  =  (kT (m?  —  mS)  +  2mo Ae  + 

Yl6kT(ml  —  m^m^Ae  +  (/cT( m^  —  m^)  +  2ni3Ae)2).  To  solidify  the  matter,  figure  5 
shows  the  corresponding  valence  band  transitions  for  p-Ge  with  m{  =  0.3m,  m*2  = 
0.04m,  m*3  =  0.095m  and  Ae  =  0.29  eV .  Figure  5  is  an  example  of  equations  (2.13)- 
(2.15)  for  Ge,  as  well  as  the  addition  of  the  Urbach  tail,  discussed  below. 
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Figure  5.  A  theoretical  interband  absorbance  curve  for  p- Ge  at  room  temperature.  ocT(,iai  is 
the  summation  of  the  absorption  from  the  lh-hh,  so-lh,  so-hh,  and  the  Urbach  tail  for  Ge. 


1.5.1  Urbach  Tails 

Urbach  tails  can  be  identified  by  an  exponential  increase  of  absorption  below  the 
direct  band  edge  of  a  semiconductor.  The  source  of  this  absorption  can  have  different 
origins,  including  local  dipole  fields  due  to  phonons,  local  strain  fields  due  to 
dislocations,  and  fields  due  to  coulombic  interactions  between  charge  impurities. 
Identification  of  the  major  contributing  source  of  this  absorption  can  be  done  by 
analyzing  the  temperature  dependence  of  the  absorption  in  the  following  way.  Let 


a(ha)-E0) 


& Urbach  0Co&  f 

where  a0  and  E0  are  characteristic  parameters  of  the  matieral  [19  ],  a  is  a  steepness 
parameter,  k  is  the  Boltzmann  constant,  T  is  the  temperature,  and  hoo  is  the  energy. 
Equation  (2.16)  can  be  further  simplified  to 


(0.16) 
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Urbach 


(0.17) 


a 


<Jm-E o) 

=  a0e  Ew 


where  Ew  is  called  the  energy  broadening.  For  most  materials,  Ew  is  the  sum  of  two 
terms,  one  dependent  on  temperature  and  one  independent  of  temperature.  The  term 
independent  of  temperature  is  related  to  the  disorder  in  the  material  and  the  term  that  is 
dependent  of  temperature  can  be  related  to  the  average  phonon  energy,  ha>phonon,  by 

a  =  <?0t—— — tanh(fia)pftonon),  where  o0  is  a  parameter  dependent  on  the  material. 

hCDphonon 

1.5.2  Free  Carrier  Absorption 

Free  carrier  absorption  is  different  from  intervalence  band  absorption,  which  was 
described  above.  However,  there  are  some  similiarities.  For  example,  free  carrier 
absorption  is  observed  below  the  band  edge  of  the  material.  These  effects  are  most 
noticable  between  5-30  pm  [20],  The  primary  difference  between  the  two  is  that  free 
carrier  absorption  occurs  from  an  electron  being  excited  by  a  photon  above  the  Fermi 
energy  level  in  the  same  band,  as  shown  by  the  black  arrow  in  figure  6.  This  effect  can 
be  observed  in  both  n  and  p-type  semiconductors  and  the  absorption,  atree  carrier  is 
related  to  N,  the  carrier  concentration  of  free  electrons  or  holes  generated  by  the  doping 
process,  q  the  magnitude  of  the  charge  of  the  electron,  m*,  the  effective  mass  of  either  the 
electron  or  hole,  n  the  index  of  refraction,  c,  the  speed  of  light,  r,  the  damping  time,  the 
permitivity  of  free  space,  and  the  radial  frequency  of  light  to  by: 


lfree  carrier 


m enncT  cot 


(0.18) 


where  /?  ranges  from  2-3  [20],  For  />type  semiconductors,  optical  transitions  can  take 


place  between  the  different  bands  within  the  valence,  as  depicted  by  red  arrows  in  figure 
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6,  specifically  transitions  are  made  between  the  so-lh  bands,  so-hh  bands,  and  lh-hh 
bands.  Both  free  carrier  and  intervalence  band  absorption  are  depicted  in  figure  6  for 
clarification. 


Figure  6.  A  graph  of  the  valence  and  conduction  bands  in  a  direct  gap  semiconductor, 
depicting  the  difference  between  free  carrier  and  intervalence  band  absorption.  Free  carrier 
absorption,  black  arrow,  is  depicted  in  the  conduction  band,  where  an  electron  is  optically 
excited  above  the  quasi-Fermi  level  in  the  same  band.  Intervalence  band  absorption,  red 
arrows,  are  depicted  in  the  valence  band  where  electrons  are  optically  excited  above  the 
quasi-Fermi  level  to  different  bands. 


1.6  Hall  Effect 

1.6.1  Overview 

The  Hall  effect  measures  both  resistivity  and  Hall  voltage  of  a  semiconductor  at 
varying  temperatures  in  a  magnetic  field.  From  these  two  measurements,  analyses  of 
carrier  concentration,  conduction  type,  and  mobility  can  be  made. 

When  a  magnetic  field  is  applied  to  a  current  carrying  sheet,  carrier  drift  occurs. 
This  drift,  caused  by  the  Lorentz  force,  results  in  a  net  potential  difference  across  the  bulk 
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of  the  material.  For  the  van  der  Pauw  technique,  depicted  in  figure  7,  the  two  measured 

kRa  nR B 

resistances  RA  and  RB  are  related  through  the  van  der  Pauw  equation:  e  Rs  +  e  Rs  = 

1.  Here,  the  bulk  resistivity  p,  is  related  to  the  sheet  resistance  Rs  by  the  equation 
p  =  Rsd,  where  d  is  the  thickness  of  the  sample.  For  epitaxially  grown  films,  this  picture 
may  change.  With  a  p-i-n  or  n-i-p  semiconductor  sample,  only  the  surface  resistance  will 
be  measured,  assuming  the  ohmic  contacts  are  only  on  the  surface.  For  p-on-p  or  n-on-n 
semiconductors,  one  can  expect  the  substrate  layer  to  affect  the  Hall  measurement  of  the 
epilayer.  Because  it  is  impossible  to  decouple  the  epilayer  and  substrate  in  these 
scenarios  care  must  be  taken  to  account  for  the  effect  of  the  substrate.  Usually  the  best 
way  to  remove  these  affects  is  to  avoid  the  same  conductivity  type  for  the  epilayer  and 
substrate.  In  some  cases,  the  measured  carrier  concentration  and  mobility  are 
significantly  affected  by  an  interfacial  layer  that  forms  to  relieve  strain  at  the  substrate 
and  epitaxial  layer  interface  [21].  The  influence  on  Hall  measurements  of  this  interfacial 
layer  shall  be  addressed  below. 


Figure  7.  The  van  der  Pauw  technique,  displaying  how  the  Hall  voltage  is  measured  [22]. 
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When  the  Hall  voltage,  VH,  is  measured  and  the  current  and  magnetic  field  are 
known,  one  can  determine  the  Hall  coefficient  of  the  material  as  well  as  the  conductivity 
from  the  equation  given  by: 

F 

n  ^  y 

h=LB’  (0-19) 

where  Jx  =  aEx.  The  Hall  coefficient  also  has  the  form  of 

Po  ~  n0fr2 

H  q(n0b+p0)2  (0.20) 

in  a  moderate  magnetic  field.  Here,  q  is  the  magnitude  of  charge  on  the  electron,  b  =  —, 


where  pn  is  the  electron  mobility  and  pp  is  the  hole  mobility,  and  p0  and  n0  are  the 
concentration  of  holes  and  electrons  respectively.  If  the  sample  is  strongly  extrinsic,  the 
Hall  coefficient  can  be  approximated  as 


Rh  q'ri  (0.21) 

where  q'  is  the  charge  of  the  dominant  carrier  and  n  is  the  dominant  carrier  concentration. 

1.6.2  Conductivity 

The  conductivity  can  be  described  generally  by  a  =  q(n0pn  +  p0pp),  where  q  is 
the  magnitude  of  the  charge  of  the  electron,  n0  and  p0,  are  the  carrier  concentrations  of 
the  electrons  and  holes,  respectively,  and  pn  and  jip  are  their  mobilities.  In  the  intrinsic 

Eg 

regime  at  higher  temperatures:  ot  =  q(qn  +  pp)n(,  where  nt  =  Ce  zTf .  Now,  at  lower 
temperatures  of  the  extrinsic  regime  for  partially  compensated  semiconductors,  where 
there  is  partial  ionization  of  acceptors:  (in  p-type  material)  rti  =  p0  = 

{N  N  —(.Ey—Eg) 

\2^J  6  kT  [11]-  The  natural  log  of  the  carrier  concentration  is  depicted  in  figure 
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8  for  a  partially  compensated  semiconductor.  The  conductivity,  for  extrinsic  p-type 
material,  is  given  by  ae  =  qpp(Na  —  iVd),  where  Na  and  Nd  are  the  concentration  of 
acceptors  and  donors,  respectively.  For  highly  extrinsic  material  where  acceptors 
dominat  e,  the  conductivity  can  be  approximated  by  ae  =  qppp0- 
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Figure  8.  The  natural  log  of  the  carrier  concentration  as  a  function  of  inverse  temperature.  The 
band  edge  and  acceptor  activation  energy  can  be  calculated  from  the  slopes  in  the  intrinsic  and 
extrinsic  regimes. 


Ideally,  a  measurement  of  the  conductivity  can  be  used  to  determine  both  the 
acceptor  activation  energy  and  band  edge  of  a  p- type  material  as  shown  in  figure  9.  At 
low  temperatures,  it  is  possible  to  freeze  electrons  and  holes  onto  impurity  atoms.  For  Si 
and  Ge,  this  happens  below  77K  [23],  This  is  the  physical  process  which  makes  the 
calculation  of  acceptor  activation  energy  possible. 
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Figure  9.  Natural  log  of  conductivity  as  a  function  of  inverse  temperature.  The  band  edge  can  be 
calculated  from  the  slope  in  the  intrinsic  regime  and  the  acceptor  activation  energy  can  be 
calculated  from  the  slope  in  the  extrinsic  regime. 

1.6.3  Mobility 

Mobility  of  charge  carriers,  / 1 ,  gives  insight  into  the  scattering  mechanisms  in  the 
material.  Each  scattering  mechanism  has  a  dependence  on  temperature;  by  relating  the 
temperature  dependence  and  the  measured  mobility,  it  is  possible  to  model  the  materials 
transport  properties. 

The  mobility  of  a  material  is  typically  derived  from  a  =  q(nQpn  +  VoPp),  and  for 
p- type  material,  it  is  approximated  by  ae  =  qppp0,  which  is  the  equation  used  in  the  Hall 
effect  measurement.  Conductivity  mobility,  p,  is  defined  as  the  drift  velocity  per  unit 

field  or  u  =  — ,  where  r  =  -  1-^-  and  A  is  the  mean  free  path,  k  is  Boltzmann’s  constant, 

m  is  the  carrier  effective  mass,  and  T  is  the  temperature.  Several  scattering  processes  may 
occur  in  a  semiconductor.  Thus,  in  order  to  combine  the  scattering  processes,  one  uses 

Matthiessen’s  rule:  -  =  —  +  —  +  — 

M  Mi  M2  Ms 
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Alloy  scattering  occurs  when  a  charge  carrier  enters  the  potential  of  a  different 

atom.  This  phenomenon  is  similar  to  that  of  a  quantum  well,  and  a  full  quantum 

mechanical  treatment  of  an  alloy  can  give  very  accurate  predictions  of  temperature 

dependence  of  alloy  scattering.  The  generic  temperature  dependence  of  alloy  scattering 
_1 

used  is  p~T~. 

3 

Ionized  impurity  scattering,  on  the  other  hand,  has  a  dependence  of  p~T 2  and 
generally  arises  from  charge  carriers  scattering  off  dopants.  Because  as  T  0  the 
mobility  will  approach  0,  a  constant,  a  is  introduced  which  will  allow  the  mobility  to  stay 

3 

above  zero,  and  a  proportionality  factor  b  such  that  p~a  +  bT 2  [24], 

Lattice  scattering  occurs  from  the  charged  carrier  interaction  with  phonons  and 
deformations  in  the  lattice.  At  lower  temperatures,  the  lattice  scattering  mechanism  is 
negligible  but  dominates  at  higher  temperatures.  The  experimentally  observed  relation 
between  temperature  and  mobility  due  to  lattice  scattering  for  p-Ge  is  p~T~23  [23], 
Theoretically  for  acoustical  phonons,  in  p- type  material  the  mobility  of  the  holes  is  given 

by,  pp  =  ,4(?;ip  ,  where  q  is  the  magnitude  of  charge  of  the  electron,  m*p  is  the  hole 

3  \2nmpkT 

effective  mass,  k  is  Boltzmann’s  constant,  T  is  the  temperature,  and  Ap  is  the  mean  free 
path.  The  mean  free  path  for  acoustical  phonons  is  inversely  proportional  to  the  density 

9NT  N 

of  phonons,  where  —  is  the  number  of  lattice  atoms  per  unit  volume,  T  is  the 
temperature  ,  and  0  is  the  Debye  temperature  of  the  material.  This  gives  theoretical 
temperature  dependence  for  acoustical  phonon  scattering  of  p~T~3/2.  The  theoretical 
temperature  dependence  for  optical  phonon  scattering  is  p~T~x!2 .  However,  when  one 
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considers  the  true  inelastic  scattering  of  optical  phonons  the  temperature  dependence  is 
not  analytical  [21]. 

1.6.4  Interfacial  Layer  Effects  on  Hall  Measurements 

When  a  material  is  grown  on  similar  type  material,  both  the  mobility  and  carrier 
concentrations  can  be  artificially  increased  for  temperatures  below  400  K.  This  increase 
can  stem  from  a  large  lattice  mismatch,  (14%  in  one  study),  between  the  epilayer  and 
substrate,  where  a  thin  highly  dislocated  region  is  generated  at  the  interface.  This  effect 
can  be  identified  by  an  unexpected  increase  of  carrier  concentration  and  mobility  in  the 
low  temperature  regime.  Also,  in  a p- type  material,  the  fitted  shallow  donor  energy  will 
be  too  low  and  often  a  second  deeper  donor  appears  [21].  To  correct  for  this  effect,  a 
multilayer  analysis  must  be  performed.  The  two  relations  that  must  be  considered  in 
these  cases  are 
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where  as  is  the  conductivity  of  the  entire  sheet,  pHs  is  the  conductivity  mobility  of  the 
sheet,  and  i  is  the  layer.  For  example,  in  a  two  layer  system,  to  solve  for  the  bulk 
parameters,  where  the  bulk  is  i  =  1  and  the  interfacial  layer  is  i  =  2,  the  following 
equations  must  be  used: 
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where  nH  is  the  uncorrected  sheet  carrier  concentration,  d  is  the  thickness  of  the  non¬ 
interfacial  layer,  and  ns>2  is  the  carrier  concentration  in  the  interfacial  layer.  For  a 
partially  compensated  p- type  semiconductor,  the  carrier  concentration  of  the  interfacial 
layer  can  be  estimated  by  the  donor  concentration  (in  cm' )  at  the  low  temperature  limit, 
the  size  of  the  interfacial  layer,  has  been  estimated  to  be  on  the  order  of  200  nm  [21],  p.2 
can  be  obtained  from  the  low  temperature  limit  of  the  Hall  mobility.  Once  nH1  and  pH1 
are  obtained,  they  can  be  multiplied  with  the  magnitude  of  the  charge  of  the  electron  and 
the  corrected  value  of  the  acceptor  level  can  be  estimated. 


1.7  Properties  of  Si-Ge-Sn 

A  group  at  Arizona  State  University,  led  by  J.  Kouvetakis,  created  novel  hydride 
precursors  for  use  in  UHV-CVD,  enabling  growth  of  SixGei_x-ySny  (y  =  2  -  12%)  with 
random  diamond  cubic  structures.  A  molar  ratio  close  to  4: 1  of  Si  to  Sn  gives  a  fixed 
lattice  constant  identical  to  Ge,  as  shown  in  figure  10  as  the  white  dotted  line  labeled  aGe- 
Routine  growth  has  been  demonstrated  for  7%  Sn  on  both  Si(100)  and  Ge(100).  The 
growth  procedure  involves  typical  wafer  pre-deposition  cleaning  then  heating  in  a  reactor 
to  350-375°  C.  High-purity  digermane  diluted  in  H2  flows  over  the  wafer  for  2  min  at 
10-4  Torr  to  remove  residual  surface  contaminants.  Layers  of  defect-free  and  fully 
commensurate  interfaces  are  grown  at  typical  rates  of  10-15  nm/min  [25],  Tunable  direct 
bandgaps  ranging  from  0.8- 1.4  eV  are  possible  for  SixGei_x-ySny  on  Ge  buffered  Si  as 
shown  in  figure  11a.  Doping  sources  were  selected  for  573.15-613.15  K  stability.  Boron 
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(B)  doping  was  conducted  with  B2H6,  and  routinely  yielded  concentrations  of  5  x  1019  — 
2  x  102°  cm'3  as  shown  in  figure  lib.  Reflection  and  reciprocal  space  map  experiments 
indicated  that  mosaicities  and  threading  dislocations  are  neglible  [26]. 


c 

</> 


Figure  10.  The  dependence  of  the  SixGei_x_ySny  direct  bandgap  energy  on  Si  and  Sn  alloy 
concentration  is  shown  graphically  [27].  The  white  dotted  line  represents  the  Sn  and  Si 
concentration  required  to  lattice  match  with  Ge. 


SiGeSn  alloys  grown  on  Si(100)  or  Ge-buffered  Si  substrates  remain  stable  at 
temperatures  beyond  1073.15  K  (depending  on  composition).  Lattice  matched  SiGeSn  to 
Ge  revealed  mobilities  comparable  to  those  in  elemental  Ge  and  produced  negligible 
alloy  scattering  [9],  p- type  doping  with  p  =  2  —  3  x  1017  cm"3  was  reduced  to  5  x  1016 
cm'3  with  rapid  thermal  annealing  and  a  mobility  of  250  cm2/V*s  was  measured  [28], 

The  same  article  demonstrated  the  decoupling  of  band  structure  and  strain. 
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Figure  11.  a)  Direct  bandgap  E0  as  a  function  of  (Si+Sn)  fraction  X,  for  Ge1_x{Si0  QSnQ  2)x 
alloys.  The  solid  line  represents  the  best  fit  of  the  data  indicating  that  the  gap  reaches  a 
maximum  value  and  then  decreases,  b)  Electrical  resistivity  as  a  function  of  carrier 
concentration  of  B-doped  SiGeSn  and  corresponding  reference  data  for  bulk  Ge.  The  black  line 
and  black  squares  in  the  figure  represent  published  results  and  ellipsometry  measurements, 
respectively  [9]. 


The  only  reported  PL  for  SiGeSn  was  measured  at  10  K  for  a  sample  grown  on 
GeSn  having  a  7%  Sn  concentration  as  shown  in  figure  12.  The  authors  reported  that  the 
PL  signal  could  be  quenched  by  the  presence  of  trace  amounts  of  non-radiative 
recombination  centers  and  that  routine  PL  signal  was  not  obtainable  [29]. 


Figure  12.  Band-to-band  transition  PL  from  a  SiGeSn  layer  with  7%  Sn  at  10  K  [29]. 
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Sample  Set  and  Experimental  Setup 


1.8  Samples 

Five  sample  types  were  investigated  in  this  study.  The  labels  of  the  samples  are 
GSSGE13b,  GSSGE36b,  GSSGE39b,  GSSGE40b  and  GSSGE13cRTA,  and  the 
corresponding  epilayer  thicknesses,  boron  doping  concentrations  measured  by  SIMS,  and 
alloy  percentages  are  listed  in  table  2. 

All  samples  are  p- type  at  room  temperature,  B  being  the  intentional  dopant.  The 
substrates  of  the  four  2%  Sn  samples  are  p-Ge,  and  the  2.8%  Sn  sample  was  grown  on  n- 
Si  substrate.  The  p- Ge  substrate  thickness  was  reported  to  be  280  pm  thick.  The  n- Si 
had  no  reported  substrate  thickness  value,  but  was  estimated  to  be  500  pm.  The  samples 
varied  in  sizes  and  shapes,  nominal  sample  sizes  were  5  mm  x  5  mm  and  no  bigger  than 
2  cm  x  1  cm.  From  figure  10,  one  can  infer  that  all  of  these  structures  should  be  indirect 
gap  materials,  and  from  figure  11a,  the  direct  bandgap  should  be  at  approximately  0.85 
eV. 


Table  1.  Values  of  Epilayer  Thickness,  Boron  Doping  Concentration  Measured  by  SIMS,  and  Alloy 
Content  (from  grower) _ _ _ _ _ 


Sample 

GSSGE13b 

GSSGE36b 

GSSGE39b 

GSSGE40b 

GSSGE13cRTA 

Film 

Thickness 

900  nm 

800  nm 

750  nm 

600  nm 

550  nm 

Boron 

Concentration 

Undoped 

1E18  cm'3 

7E17  cm'3 

3E17  cm'3 

Unknown 

Alloy 

Sio.osGeSno.02 

Sio.osGeSno.02 

Si0.08GeSn0.02 

Si0.08GeSn0.02 

Si0.112GeSn0.028 

Substrate 

p-Ge 

p-Ge 

p-Ge 

p-Ge 

n-Si 
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Samples  were  grown  via  UHY-CVD  with  novel  precursors.  The  four  samples 


ranging  from  600-900  nm  film  thickness  had  striations  on  the  back  of  the  polished 
substrate,  possibly  indicating  spectroscopic  ellipsometry  measurements  had  been 
performed  prior  to  receiving  the  samples.  The  sample  with  n- Si  substrate  had  an 
unpolished  back  surface. 

1.9  Photoluminescence 

An  Ar+-laser  was  electrically  pumped  at  8  W  and  used  to  optically  pump  a  Ti- 
Sapphire  laser.  The  Ti-Sapphire  laser  at  a  wavelength  of  830  nm  was  used  to  interrogate 
samples  mounted  with  a  thin  layer  of  silicone  to  a  Helitran  cold  finger  as  shown  in  figure 
13.  The  laser  light  was  modulated  by  a  chopper  at  80-83  hertz  prior  to  transmitting 
through  an  aspheric  lens  which  focused  the  beam  to  a  spot  size  of  approximately  150  pm. 
The  aspheric  lens  allowed  for  an  average  intensity  of  approximately  4.3  kW/cm2  when 
0.5  W  output  laser  power  was  used.  The  output  power  was  measured  between  the  Ti- 
Sapphire  laser  and  the  chopper.  The  Helitran  was  pumped  down  to  20  mTorr  and  cooled 
to  approximately  7  K  with  evaporated  helium.  A  purge  tube  was  constructed  and 
connected  to  the  collimating  lens  and  the  SPEX  500M  monochromator,  both  filled  with 
nitrogen  gas.  The  monochromator  used  a  600  groves-per-mm  grating  blazed  at  1.6  pm. 
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A  1050  nm  long-pass  filter  was  placed  at  the  entrance  of  the  monochromator. 
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InGaAs  i  Chopper 

Collimating  lens  ^ 
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Figure  13.  Photoluminescence  experimental  setup.  A  Ti-Sapphire  laser,  at  830  nm  is  focused  to 
approximately  150  pm  on  the  Helitran  cold  finger  under  vacuum.  The  luminescence  at  45°  is 
collimated  and  then  focused  down  by  a  lens  f-matched  to  the  monochromator.  The  Ge  detector  is 
mounted  on  the  side  and  the  InGaAs  is  mounted  on  the  front  of  the  monochromator.  A  nitrogen 
purge  tube  was  connected  to  both  the  monochromator  and  collimating  lens. 


An  electrically  cooled  InGaAs  detector  with  a  range  of  500-2300  nm  and  a  liquid 
nitrogen  cooled  North  Coast  Ge  detector  with  a  range  of  1000-1800  nm  were  mounted  to 
the  front  and  side  of  the  monochromator,  respectively.  The  Ge  detector  is  about  three 
orders  of  magnitude  more  sensitive  at  its  peak  responsivity  when  compared  to  InGaAs 
peak  responsivity.  (Sensitivity  figures  are  shown  in  Appendix  B  and  C.)  The  InGaAs 
detector  output  was  fed  directly  into  the  lock-in  amplifier.  The  Ge  detector  output  was 
fed  into  a  North  Coast  model  829B  muon  filter  and  the  lock-in  amplifier.  The  muon  filter 
settings  were  100  ms  hold,  1  s  integration  time,  and  a  gain  of  50  mV.  Entrance  and  exit 
slit  widths,  on  the  monochromator  were  3  mm,  unless  specified  otherwise.  This  results  in 
a  10  meV  resolution  for  this  monochromator  at  1.4  pm.  A  LakeShore  331  temperature 
controller  was  used  to  control  the  temperature  of  the  cold  finger.  Two  measurements  of 
temperature  were  made  by  the  temperature  controller,  one  at  the  top  of  the  cold  finger 
and  one  near  the  bottom  of  the  cold  finger.  Both  sites  made  use  of  a  Si  diode  for 
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temperature  measurements.  The  temperatures  cited  below  were  measured  from  the 
bottom  diode  on  the  cold  finger. 


1.10  Hall  Effect 

Electron-beam  deposition  of  200  A  of  Cr,  followed  by  2000  A  of  Au  on  the  four 
corners  of  a  5-mm  square  sample  was  used  for  ohmic  contacts.  The  high  and  low 
temperature  LakeShore  Hall  effect  measurement  apparatus  were  used.  (See  Appendix  A.) 
Indium  was  used  to  connect  the  ohmic  contacts  of  samples  to  the  low  temperature  cold 
finger  measurement  leads.  The  cold  finger  was  pumped  down  to  less  than  20  mTorr  and 
cooled  with  a  helium  compressor.  A  magnetic  field  of  4  kG  was  applied. 

The  high  temperature  station  used  four  probes  that  were  tightened  into  the  ohmic 
contacts  of  the  samples  and  was  also  pumped  down  to  less  than  20  mTorr.  A  magnetic 
field  of  3  kG  was  applied.  I-V  curves  were  measured  prior  to  all  temperature  dependent 
Hall  effect  measurements.  The  two  measurement  systems  allowed  for  variation  in 
temperature  from  approximately  20  K  to  700  K. 

1.11  Transmission 

Fourier  transform  infrared  spectroscopy  (FTIR)  measurements  were  obtained 
using  an  MB157S  manufactured  by  ABB.  The  sources,  over  the  range  measured,  were  a 
quartz-halogen  lamp  and  a  SiC  globar.  The  detector  is  a  doped  triglycine  sulfate  detector. 
The  range  of  the  FTIR  was  7800-450  cm'1.  A  number  of  resolution  settings  are  available 
on  the  FTIR.  The  4  cm'1  resolution  was  the  setting  of  choice  for  the  following 
experiments,  and  400  scans  were  averaged.  Considering  that  the  signal  to  noise  ratio  is 
1  /yfscans  this  was  enough  to  reduce  the  noise  level  considerably.  Spectra  taken  using  a 
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128  cm'1  resolution  and  an  average  of  4000  scans  were  also  made  for  comparison.  The 
lower  resolution  gives  much  higher  signal  to  noise  ratio  and  allows  for  identification  of 
broader  features.  An  absorbance  of  up  to  6  OD  is  possible  with  the  lowest  resolution. 

No  novel  features  were  observed  with  the  lower  resolution  settings. 

A  background  scan  was  performed  prior  to  all  transmission  measurements,  and 
both  background  and  transmission  measurements  had  the  same  resolution  and  number  of 
scans.  A  mounting  stage  with  a  0.5  cm  diameter  port  was  used.  A  thin  layer  of  silicone 
on  the  edge  of  the  mounting  portal  was  employed  because  the  typical  mounting  brackets 
were  too  large  to  hold  the  samples. 

The  FTIR  uses  a  Michelson-type  interferometer.  The  optical  path  difference  is 
measured  and  an  interferogram  is  created.  A  Fourier  transform  algorithm  is  then 
employed  to  return  the  results  in  a  transmission  plot. 
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Experimental  Data  and  Analysis 


1.12  Photoluminescence 

Systematic  position-dependent  measurements  were  made  for  each  sample.  No 
room  temperature  luminescence  of  the  SiGeSn  epilayer  was  observed.  The  strong 
luminescence  of  the  p- type  Ge  substrate  was  observed  at  room  temperature.  Each  sample 
was  cooled  to  7  K  and  luminescence  was  measured  with  both  InGaAs  and  Ge  detectors. 
PL  of  the  sample  with  600  nm  thick  epilayer  exhibited  weak  luminescence  of  the  epilayer 
at  2  orders  of  magnitude  less  than  the  substrate.  This  weak  PL  persisted  up  to  75  K.  The 
p- Ge  transverse  acoustical  (TA)  phonon  assisted  and  no-phonon  indirect  bandgap  PL 
could  be  observed  with  the  InGaAs  detector  at  0.71  eV  and  0.738  eV,  respectively.  This 
was  true  for  all  /?-Sio.o8Geo.9oSno.o2  Ip- Ge  measured.  The  yO-Si0.08Ge0.90Sn0.02  peak  could 
not  be  observed  while  using  the  InGaAs  detector  as  shown  in  figure  14.  Switching  to  the 
more  sensitive  Ge  Detector,  the  /?-Sio.o8Geo.9oSno.o2  epilayer  PL  may  have  been  identified 
with  3mm  slits  and  200  microvolt  sensitivity  as  shown  in  figure  15.  The  resolution  of 
this  monochromator  at  1.4  pm  was  estimated  to  be  10  meV.  The  signal  is  hampered  with 
noise  and  any  indication  of  indirect  or  direct  bandgap  could  not  be  resolved. 
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Figure  14.  Photoluminescence  as  a  function  of  energy  for  the  600  nm  thin  film,  measured  at  15 
K  with  the  InGaAs  detector.  The  TA  phonon  and  no  phonon  PL  of  the  indirect  gap  of  the  Ge 
substrate  can  be  observed  using  the  InGaAs  detector. 
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Figure  15.  Photoluminescence  as  a  function  of  energy  for  the  600  nm  thin  film,  measured  at  15 
K  with  the  Ge  detector.  The  onset  of  the  luminescence,  for  the  peak  shown,  is  0.868  eV. 
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1.13  Transmission  Measurements 


In  this  section,  interference  fringes  were  used  to  calculate  the  thickness  of  p-Ge 
substrate.  A  value  of  133  ±6  (am  was  measured,  which  is  different  from  the  growers 
reported  280  pm  thickness.  A  micrometer  was  then  used  to  measure  the  thickness  of  two 
of  the  /?-Sio.o8Geo.9oSno.o2  Ip-Go,  samples  and  a  value  of  140  pm  was  measured. 
Transmission  measurements  showed  valence  band  absorption  peaks  at  0.29  eV  and  0.37 
eV  attributed  to  the  epilayer  of /?-Sio.o8Geo.9oSn0.o2.  An  effective  mass  calculation  was 
performed  and  values  of  mhh  =  0.30 m,mih  =  0.051  m,mso  =  0.79m  and  Ae  =  0.30  eV 
were  obtained.  The  unexpected  peak  at  0.37  eV  is  possibly  due  to  the  non-parabolicities 
of  the  SiGeSn  hh  and  lh  bands.  The  .p-Sio.112Geo.86Sno.028/ra-Si  sample  was  measured  to 
have  an  indirect  bandgap  absorption  edge  at  0.780  eV  and  a  direct  bandgap  edge  at  0.845 
eV.  In  the  following  absorption  measurements,  to  be  completely  accurate,  one  has  to 
take  into  account  reflectivity.  Reflectivity  measurements  were  performed,  however,  the 
small  sample  sizes  introduced  large  uncertainty  in  measurement,  and  thus  results  were 
not  included.  The  use  of  transmission  was  employed  solely,  although  some  error  was 
introduced. 

Transmission  measurements  made  with  the  FTIR  introduce  interference  fringes 
associated  with  the  substrate  thickness  as  shown  in  figure  16.  A  simple  calculation  to 

verify  substrate  thickness  was  performed  using  4nnd  ( 7 —  -^ )  =  2n,  with  a  value  of  n  = 

VAi  A2 J 

4  for  Ge.  The  calculated  value  of  thickness,  d,  for  the  4  samples  was  133  pm  with  an 
86%  accuracy  within  6  pm,  a  much-different-than-reported  value  of  280  pm  by  almost  a 
factor  of  2.  A  micrometer  was  then  used  to  measure  the  thickness  to  verify  these  results. 
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Measurements  of  the  samples  with  750  and  600  nm  epilayer  thickness  yielded  values  of 
140  pm.  For  reference  a  500  pm  thick  Ge  wafer  was  measured  with  the  same  micrometer 
yielding  a  value  of  505  pm. 


Wavelength  (nm) 

3160  3140  3120  3100  3080  3060 


Figure  16.  Transmission  as  a  function  of  energy.  Interference  fringes  from  the  substrate  can 
be  identified.  Using  the  difference  in  wavelength  for  each  fringe  a  calculation  of  the  substrate 
thickness  resulted  in  133  ±  6  pm.  From  top  to  bottom,  900,  600,  750  and  800  nm  thick 
epilayer  samples. 


Considering  that  the  /?-Sio.o8Geo.9oSno.o2  samples  were  grown  on  p-type  Ge,  and 
the  expected  direct  band  edge  of  the  epilayer  material  is  approximately  0.85  eV,  as  shown 
in  figure  11a,  conduction  band  to  valence  band  absorption  of  the  thin  fdm  cannot  be 
interrogated  with  transmission  measurements  because  the  Ge  direct  gap  absorption  occurs 
at  lower  energy.  However,  intervalence  band  absorption  can  be  examined  as  shown  in 
figure  17.  The  band  to  band  transition  of  the  p-Sio.i  12Ge0.86Sn0.028/o-Si  was  measured  and 
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is  discussed  below.  The  use  of  absorbance,  instead  of  absorption  coefficient,  was 
employed  due  to  the  combining  of  absorption  of  both  epilayer  and  substrate. 
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Figure  17.  Absorbance  as  a  function  of  energy  for  the  /;-Si0.o8Geo.9oSn0.o2  /p-Ge  samples,  lh-hh, 
so-lh,  and  so-hh  transitions  can  be  identified.  Inset:  Raw  transmittance  measurements, 
displaced  for  clarity,  in  the  region  of  so-lh  interband  transition.  From  top  to  bottom:  the  900, 
600,  750,  800  nm  epilayer  thick  thin  film  samples. 


1.13.1  Transmission  Measurements  of /;-Sio.o8Geo.9oSno.o2//J-Ge 

The  absorbance  as  a  function  of  energy  is  shown  in  figure  18.  Absorption  relating 
to  lh-hh,  so-lh,  and  so-hh  bands  is  identified  for  the  four  /?-Sio.o8Geo.9oSno.o2//?-Ge  samples 
in  figure  18.  Using  equations  (2.14)  and  (2.15),  a  theoretical  model  for  the  absorption 
coefficient  for  each  valence  band  transition  was  developed  and  is  shown  at  the  bottom  of 
figure  18.  The  use  of  a  Gaussian  line  shape  was  employed  for  the  lh— >so  transition.  The 
fit  parameters  are  enumerated  in  table  2  along  with  effective  mass  parameters  for  other 
group  IV  materials.  In  table  2,  the  Ge  and  Si  data  are  taken  from  [20]  and  the  a-Sn  data 
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is  taken  from  [30].  The  model  does  not  fit  exactly  for  several  reasons.  First,  the 
assumptions  and  simplifications  made  in  the  derivation  of  equations  2.13-2.15,  such  as 
parabolic  bands  and  a  Boltzmann  distribution  of  charge  carriers  introduce  some  fitting 
error.  Second,  the  imperfections  in  the  sample,  such  as  the  striations  on  the  back  surface, 
most  certainly  caused  some  artificial  increase  in  absorption  in  the  measurement.  Finally, 
considering  the  doping  levels  of  the  samples,  free  carrier  absorption  in  this  regime  could 
account  for  additional  deviation  from  the  fitted  model,  aTotai. 

Table  2.  Interband  Absorption  Fit  Parameters  of  p-Si0.0sGe0.90Sn0.02/p-Ge  Compared  with  other 
Group  IV  Elements _ _ _ _ _ 


Name 

™*hh 

mlh 

"tJo 

He 

p-si0.08Ge0.90Sn0.02/p-Ge 

0.  30 me 

0.051  me 

0.  79 me 

0.  30  eV 

Ge 

0. 3  me 

0. 04me 

0.095 me 

0.275t  eV 

Si 

0.  54 me 

0. 15me 

0. 23  me 

0.044  eV 

a-Sn 

0. 195me 

0.058me 

0. 04me 

(0.413tt)0.8  eV 

Unknown 

0. 3  me 

0.075me 

0.  79 me 

0.37  eV 

it  Differing  from  initial  value  of  0.3  eV  from  [20] 
ltt  Energy  difference  between  hh  and  lh  bands.  [30] 
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Figure  18.  Top)  The  absorbance  as  a  function  of  energy  for  the  samples  with  900,  800,  750, 
and  600  nm  thick  epilayers,  measured  at  room  temperature.  The  dashed  black  line,  CCjotcih 
is  the  combined  absorption  for  the  intervalence  band  transitions  of  the  substrate  and  epilayer. 
Bottom)  The  individual  absorptions  for  the  different  intervalence  band  transitions,  the 
Urbach  tail  of  Ge  is  not  depicted.  The  red  line  shapes  correspond  to  the  absorption  of  the  p- 
Ge  substrate.  The  green  line  shapes  correspond  to  the  /?-Sio.o8Ge0.9oSn0.o2  epilayer.  The  blue 
line  shape  corresponds  to  an  unidentified  absorption. 


There  has  been  a  local  density  approximation  (LDA)  theoretical  study  done  using 
a  64-atom  diamond  lattice  supercell  of  Sio.44Geo.45Sno.11  which  shows  a  splitting  in  hh  and 
lh  bands.  However,  these  alloy  concentrations  are  much  different  than  the  sample  sets 
characterized  here  [27],  thus  the  estimated  effective  masses  could  not  realistically  be 
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compared  to  those  reported  in  the  LDA  study.  For  the  unknown  transition,  considering 
the  hh  and  so  masses  are  the  same  as  those  in  SiGeSn,  the  values  lh  and  Ae  could  be  due 
to  some  residual  strain  that  has  been  reported  to  shift  the  lh  band  above  the  hh  band  [31]. 
To  date,  there  has  not  been  any  exhaustive  theoretical  studies  on  the  band  structure  of 
SiGeSn,  as  there  have  been  for  Ge-Sn  and  strained  Ge  on  SiGeSn.  These  measured  data 
should  prove  to  be  useful  in  validating  future  studies  on  band  structure  and  the  effective 
mass  of  SiGeSn. 

1.13.2  Transmission  Measurements  of/;-Sio.ii2Geo.86Sno.o28/w-Si 

Considering  that  the  onset  of  the  indirect  and  direct  bandgap  absorption  of  p- 
Sio.n2Geo.86Sno.028/ft-Si  epilayer  occurs  at  lower  energy  than  the  Si  substrate, 
approximately  1.12  eV,  measurement  of  /?-Sio.i  12Ge0.86Sn0.028  band  to  band  transitions 
could  be  made.  The  indirect  bandgap  absorption  is  shown  in  figure  19.  A  best  fit 
corresponded  to  the  indirect  bandgap  energy  of  0.780  eV.  Significant  scattering, 
resulting  from  the  unpolished  back  surface  of  the  sample,  is  observed  as  an  increase  in 
absorbance  of  about  1  OD.  Free  carrier  absorption  was  also  observed  in  the  measured 
data,  as  shown  prior  to  the  onset  of  the  indirect  bandgap  of  z1-Sio.112Geo.86Sno.028  in  figure 
19. 
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Figure  19.  Absorbance  of  p-Sio.112Geo.86Sno.028/n-Si  as  a  function  of  energy  measured  at  room 
temperature.  The  indirect  gap  of  the  epilayer  is  estimated  to  be  at  0.780  eV.  Free  carrier 
absorption  is  observed  below  the  onset  of  the  indirect  bandgap.  Scattering  from  the  back  of 
the  sample  surface  is  the  cause  of  the  increased  absorbance  prior  to  the  onset  of  the  interband 
absorption. 


To  obtain  an  estimate  of  the  absorption  coefficient  of  /?-Sio.ii2Geo.86Sno.o28,  the 
absorption  was  normalized  to  the  onset  of  the  indirect  bandgap  absorbance  and  a  semi¬ 
log  plot  of  the  absorption  coefficient  was  generated  as  shown  in  figure  20.  The  direct 
bandgap  of /?-Sio.ii2Geo.86Sno.o28  was  estimated  to  be  at  0.845  eV.  This  is  close  to 
predicted  values  of  0.85  eV  and  also  corresponds  to  a  critical  point  observed  in 
ellipsometric  measurements.  (See  Appendix  E.)  The  value  of  the  absorption  coefficient 
above  the  direct  bandgap  of />-Sio.ii2Geo.86Sno.o28  is  similar  to  that  of  Ge  above  the  direct 
band  edge  reported  by  [32  ]. 
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Figure  20.  The  absorption  coefficient  of  p-Sio.112Geo.86Sno.02s/w-Si  measured  at  room 
temperature.  The  direct  bandgap  of  the  epilayer  is  estimated  to  be  at  0.845  eV. 


1.14  Hall  Effect  Measurements 

The  sheet  carrier  concentrations  at  room  temperatures  of  all  four  p- 
Si0.08Ge0.90Sn0.02/p-Ge  samples  were  estimated  to  be  4.35  x  1015, 8.80  x  1015, 1.33  x 
1016,  and  8.21  x  1015  cm~2  for  the  samples  with  900,  800,  750,  and  600  nm  epilayer 
thickness,  respectively.  The  higher  carrier  concentrations  observed  for  these  samples  are 
affected  by  the  hole  mobilities  which  were  estimated  to  be  672,  468,  367,  and 
547cm2/V*s  for  the  samples  with  900,  800,  750,  and  600  nm  epilayer  thickness, 
respectively.  The  undoped  p-Si0.08Ge0.90Sn0.02/p-Ge  changed  conductivity  type  at  675  K. 
At  low  temperatures,  the  carrier  mobility  was  mainly  affected  by  ionized  impurity 
scattering,  but  at  high  temperature  it  was  mainly  affected  by  lattice  scattering  and  alloy 
scattering.  The  uncorrected  acceptor  activation  energy  was  estimated  to  be  3  meV  for  the 
four  p-Si0.08Ge0.90Sn0.02/p-Ge  samples.  Considering  that  the  acceptor  level  for  boron 
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doped  GeSn  and  boron  doped  Sio.112Geo.86Sno.028/w-Si  are  estimated  to  be  10  meV  [33] 
and  a  rise  in  carrier  concentration  was  observed  at  low  temperatures,  a  multilayer  model 
was  employed  to  determine  the  corrected  acceptor  level  of  10.7  meV.  The  resistivities  of 
the  four  /?-Sio.o8Geo.9oSno.o2/p-Ge  samples  were  estimated  to  be  1.82  x  10-4, 1.12  x 
10-4, 0.93  x  10-4,  and  0.84  x  10-4  ohm-cm  at  room  temperature  for  the  samples  with 
900,  800,  750,  and  600  nm  epilayer  thicknesses,  respectively. 

The  Hall  effect  measurements  of  the  />-Sio.n2Geo.86Sno.o28/«-Si  sample  were 
conducted  during  a  previous  effort  by  Dr.  M.  Ryu  at  the  Air  Force  Institute  of 
Technology,  and  are  discussed  in  Appendix  F. 

1.14.1  Carrier  Concentration 

The  results  of  Hall  effect  measurements  of  the  four  yO-Si0.08Ge0.90Sn0.02  Ip-Go, 
samples  are  plotted  in  figure  21.  The  sheet  carrier  concentration  (SCC),  cm'2,  was  used 
instead  of  the  carrier  concentration,  cm'3,  due  to  participation  of  an  interfacial  layer  and 
p- Ge  substrate.  The  SCC  decreases  slightly  with  increasing  temperature  from  30  to  100 
K  for  the  800  and  750  nm  thick  films.  The  900  and  600  nm  thick  films’  SCC  decreases 
as  the  temperature  increases  from  30  to  90  K.  This  slight  decrease  in  carrier 
concentration  is  due  to  multiple  conducting  layers  of  the  substrate,  the  interfacial,  and  the 
epitaxial  layer.  The  carrier  concentration  is  constant  from  -100  K  to  -450  K  as  shown  in 
figure  21.  The  carrier  concentration  in  this  regime,  which  is  largely  independent  of 
temperature,  is  due  to  the  boron  dopant  concentration  in  each  sample  as  well  as  the 
participation  of  the  interfacial  layer  and  substrate.  Just  below  around  450  K,  there  is  a 
small  peak  in  carrier  concentration.  This  has  been  reported  for  samples  of  GeSn.  A 
similar  transport  process  must  occur  in  these  samples,  although  the  type  conversion  does 
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not  occur  in  all  of  samples  in  the  regime  reported  due  to  high  acceptor  concentrations. 
Above  600  K,  the  typical  exponential  increase  in  the  concentraion  of  intrinsic  carriers  is 
observed. 


Temperature  (K) 


Figure  21.  Semi-log  plot  of  sheet  carrier  concentration  as  a  function  of  inverse  temperature. 
The  samples  with  epilayer  thicknesses  of  900,  800,  750,  and  600  nm  are  depicted  as  square, 
circle,  triangle,  and  diamond  respectively.  A  type  conversion  to  n-type  occurs  for  the  900  nm 
sample  at  675  K.  The  line  indicates  the  intrinsic  carrier  concentration  for  p-type  Ge  with  a 
direct  bandgap  energy  value  of  0.80  eV.  The  rise  in  carrier  concentration  in  the  low 
temperature  regime  indicates  multiple  conducting  layers  in  the  sample. 


1.14.2  Mobility 

The  peak  mobilities  for  the  /?-Sio.o8Geo.9oSno.o2/p-Ge  layers  are  1210,  836,  752, 

and  568  cm2/V*s  for  the  900,  600,  800,  and  750  nm  thick  samples,  respectively,  as  shown 

in  figure  22.  The  mobility  is  highest  for  the  lowest  doped  sample  (900  nm  thick  sample), 

and  the  mobility  decreases  as  the  doping  level  increase.  The  mobilities  at  room 

temperature  are  about  half  of  that  reported  for  thin  films  of  p-Ge,  700-800  cm2/V-s  [34], 

The  peak  in  mobility  with  respect  to  temperature  shifts  to  higher  temperature  with 

increasing  doping  concentration;  this  has  also  been  observed  in  increasing  concentrations 
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of  Sn  content  for  GeSn  samples.  A  decrease  in  mobility  with  increasing  Sn 
concentration,  due  to  increased  alloy  scattering,  has  been  observed  in  similar  samples 
[33]. 

In  the  low  temperature  regime,  the  mobility,  /i,  is  mainly  proportional  to 

3 

temperature  by  n~T 2.  This  is  primarily  affected  by  ionized  impurity  scattering,  which 

3 

has  been  shown  to  have  a  temperature  dependence  of  n~T 2  [1 1],  In  the  high  temperature 

regime  the  mobility  is  mainly  affected  by  both  alloy  and  lattice  scattering.  It  is  well 

known  that  mobility  due  to  lattice  scattering  in  Ge  has  a  temperature  dependence  of 

T~ 2  3  [23]  and  the  temperature  dependence  of  alloy  scattering  in  GeSn  has  been  shown 

1 

to  be  proportional  to  [i~T~ 2  [33].  Using  Matthiessen’s  rule,  a  best  fit  for  the  mobility  [i 
was  obtained  and  is  shown  in  figure  22. 


Figure  22.  The  Hall  mobility  as  a  function  of  temperature  for  the  four  /?-Si0.o8Ge0.9oSn0.o2  Ip- Ge 
samples  measured.  The  samples  with  epilayer  thicknesses  of  900,  800,  750,  and  600  nm  are 
depicted  as  square,  circle,  triangle,  and  diamond,  respectively,  n-type  carriers  are  filled  in 
shapes.  A  best  fit  for  ionized  impurity,  lattice,  and  alloy  scattering  is  shown  as  the  black  line. 
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1.14.3  Conductivity 

Temperature  dependent  conductivities  are  plotted  in  figure  23  for  the  p- 
Sio.08Ge0.90Sno.02/p-Ge  samples.  From  these  data,  the  activation  energy  of  the  acceptor 
can  be  obtained  from  the  equation 

-(Ev-Ea) 

o  =  (NvNa)lt2e  XT  ,  (0.1) 

where  Nv  is  the  concentration  of  holes  in  the  valence  band,  Na  is  the  concentration  of 
acceptor  dopants,  k  is  Boltzmann’s  constant,  T  is  the  temperature,  and  (Ev  —  Ea)  is  the 
acceptor  activation  energy.  The  best  fits  for  the  acceptor  activation  energy  are  around  3.0 
meV  for  all  samples.  Because  these  samples  were  intentionally  doped  with  B,  we  can 
compare  this  value  to  the  acceptor  activation  energy  with  those  reported  in  the  literature. 
The  acceptor  activation  energy  for  boron  doped  Si  is  40  meV  and  for  boron  doped  Ge  is 
10  meV.  The  acceptor  activation  energy  for  boron  doped  p-Sio.112Geo.86Sno.028/w-Si  has 
been  estimated  to  be  10  meV  while  that  of  boron  doped  GeSn  is  10  meV  [33],  The  lower 
estimate  of  3  meV  for  the  four  p-Si0.08Ge0.90Sn0.02  /p-Ge  samples  stems  from  multiple 
conducting  layers.  Further  evidence  of  this  can  be  observed  in  the  participation  of  these 
layers  in  Hall  effect  measurements  by  the  unexpected  appearance  of  a  deeper  donor  at 
temperatures  below  50  K. 
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Figure  23.  The  conductivity  as  a  function  of  inverse  temperature,  based  upon  Hall  effect 
measurements.  Multiple  conducting  layers  falsely  reduce  the  activation  energy  and  a  deeper 
donor  appears  below  50  K.  An  uncorrected  activation  energy  of  3  meV  is  estimated  and  plotted 
in  black  lines  for  each  sample. 


Using  the  expected  value  of  the  acceptor  activation  energy,  10  meV,  equation 
(4.1),  and  the  B-doping  concentration  measured  by  SIMS,  a  theoretical  model  of  the 
carrier  concentration  in  cm'3,  was  developed.  This  model  is  depicted  in  figure  24,  and 
gives  an  estimate  of  what  the  measured  epilayer  carrier  concentration  values  would  be  if 
there  were  no  effects  from  the  interfacial  layer  and  substrate. 
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Figure  24.  Semi-log  plot  of  the  theoretical  carrier  concentration  as  a  function  of  inverse 
temperature  for  the  p-Si0.0sGe0.90Sn0.02  Ip- Ge  samples  ignoring  effects  from  the  interfacial  and 
substrate  layers.  The  samples  with  epilayer  thicknesses  of  900,  800,  750,  and  600  nm  are  depicted 
as  square,  circle,  triangle,  and  diamond  respectively. 


1.14.4  Correcting  for  Multiple  Conducting  Layers  in  p-Si0.08Ge0.90Sn0.02/p-Ge 

The  corrected  acceptor  level  can  be  obtained  following  the  derivation  of  equations 
(2.22-2.25).  As  discussed  in  section  (2.6.4,)  ns  2  and  p2,  the  interfacial  layer’s  sheet 
carrier  concentration  and  mobility  respectively,  can  be  obtained  from  the  low  temperature 
limits  of  the  sheet  carrier  concentration  and  mobility  measurements.  From  equation 
(2.24)  and  (2.25),  the  conductivity  of  the  epilayer  can  be  extracted  by  multiplying  (2.24) 
and  (2.25)  together.  The  resulting  equation  then  simplifies  to 

ns,2^2 

where  nsl  and  ps>1  are  related  to  the  corrected  conductivity  of  the  epilayer.  For  the  four 
p-Si0.08Ge0.90Sn0.02  /p-Ge  the  interfacial  region  carrier  concentration,  ns  2,  was  estimated 
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to  be  1.74  x  1016, 1.08  x  1016, 9.81  x  1015,  and  4.08  x  1015  cm~2  for  the  750,  800, 
600,  and  900  nm  epilayer  thick  samples,  respectively.  The  mobility  of  the  interfacial 
layer,  /r2,  was  estimated  to  be  620,  360,  322,  and  235  cm2 /V  •  s  for  the  .900,  600,  800, 
and  750  nm  epilayer  thick  samples,  respectively.  The  measured  temperature  dependent 
data  for  carrier  concentration  and  mobility,  were  used  for  ns  and  /is,  respectively  and  d 
was  the  thickness  of  the  epilayer.  The  best  fit  for  the  four  samples  was  10.7  meV  as 
shown  in  figure  25. 

In  figure  25,  the  deeper  donor  is  still  observed;  this  indicates  that  the  method  used 
is  not  exact.  The  difference  between  the  10.7  meV  fit  and  of  the  acceptor  level  and  the 
expected  10  meV  acceptor  level  arise  for  two  reasons.  The  first  is  that  the  interfacial 
region  conductivity  is  approximated  by  a  constant  mobility  and  carrier  concentration. 
Considering  that  neither  the  carrier  concentration  nor  mobility  of  the  interfacial  layer 
changes  with  temperature  in  this  model,  there  is  no  way  to  remove  the  appearance  of  the 
deeper  donor.  Additionally,  only  the  two  layer  model  was  used  in  this  case.  In  order  to 
obtain  a  more  accurate  estimation  of  the  acceptor  level,  the  three  layer  model  must  be 
used  and  thus  a  measurement  of  the  back  of  each  sample  must  be  made,  although  the 
mathematics  will  be  similar  as  described  in  section  (2.4.4). 
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Figure  25.  The  conductivity  as  a  function  of  inverse  temperature,  based  upon  corrected  Hall 
effect  measurements.  A  corrected  activation  energy  of  10.7  meV  is  estimated  and  plotted  as  the 
black  line.  A  deeper  donor  still  appears  below  50  K.  This  is  due  to  the  temperature  indepent 
approximation  of  sheet  carrier  concentration  and  mobility  for  the  interfacial  layer  model. 


1.14.5  Carrier  Concentration  Measurements  on  the  p- Ge  Substrate 

Hall  effect  measurements  were  also  done  on  the  back  of  each  of  the  four  p- 
Si0.08Ge0.90Sn0.02/p-Ge  samples  to  determine  the  effect  of  the  p-doped  substrate  as  shown 
in  figure  26.  These  measurements  show  the  effect  of p-Ge  substrate  is  very  high  on  the 
estimation  of  p-Si0.08Ge0.90Sn0.02  layer.  This  stems  from  the  fact  that  an  interfacial  layer 
exists  between  the  substrate  and  epilayer. 
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Figure  26.  Sheet  carrier  concentration  measured  on  the  back  of  the  /7-Sio.o8Ge0.9oSn0.o2//7-Ge 
samples  represented  as  square,  circle,  triangle  and  diamond  for  the  samples  with  epilayer 
thicknesses  of  900,  800,750,  and  600  nm,  respectively.  Front  of  sample  sheet  carrier 
concentration  are  represented  as  lines  in  the  same  order.  Similar  trends  in  the  measurements  of 
the  front  and  back  of  the  samples  indicate  and  interfacial  layer  has  formed  at  the  substrate  and 
epilayer  interface. 
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Summary  and  Recommendations 


1.15  Summary  of  Research 

The  results  of  room  temperature  Hall  effect  measurements  are  shown  in  table  3. 
The  900  nm  thick  epilayer  /?-Sio.o8Geo.9oSno.o2/p-Ge  showed  a  conductivity  type  change  at 
675  K.  In  the  low  temperature  regime,  the  mobility  is  mainly  affected  by  ionized 
impurity  scattering.  In  the  high  temperature  regime,  the  mobility  is  mainly  affected  by 
lattice  and  alloy  scattering. 


Table  3.  Room  Temperature  Hall  Effect  Data 


Sample 

ID 

Sample  with  alloy 
concentration 

Substrate 

Epilayer/ 

substrate 

thickness 

[nm/pm] 

Resistivity 

[Ohm-cm] 

Sheet  carrier 

concentration 

[cm'2] 

Hall  mobility 
[cm2/V»s] 

Acceptor 

activation 

energy 

[meV] 

13b 

p-Sio.08Geo.90Sno.02 

p-Ge(100) 

900/13316 

1.82E-04 

4.28E+15 

717.3661 

10.7 

36b 

p-Sio.08Geo.90Sno.02 

p-Ge(100) 

800/13316 

1.12E-04 

9.32E+15 

478.44327 

10.7 

39b 

p-Sio.08Geo.90Sno.02 

p-Ge(100) 

750/133+6 

9.33E-05 

1.32E+16 

378.67018 

10.7 

40b 

p-Sio.08Geo.90Sno.02 

p-Ge(100) 

600/133+6 

8.42E-05 

8.13E+15 

547.26893 

10.7 

13c 

j9-Sio.i  12Ge0.86Sn0.028 

n-Si(100) 

550/500 

0.17127 

1.21E+13 

166.49 

10 

Transmission  measurements  showed  intervalence  band  absorption  peaks  at  0.29 
eV  and  0.37  eV  from  the  epilayer  of /?-Sio.o8Geo.9oSno.o2  Ip- Ge.  The  peak  at  0.37  eV  is 
possibly  due  to  the  non-parabolicities  of  the  hh  and  lh  bands  of  the  /?-Sio.o8Geo.9oSno.o2- 
The  peak  at  0.29  eV  is  due  to  the  so-lh  transition  in  /?-Sio.o8Geo.9oSno.o2-  An  effective 
mass  calculation  was  performed,  and  the  results  are  listed  in  table  2.  The  estimated 
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values  were  mhh  =  0.30m,  mih  =  0.051m,mso  =  0.79 m,  and  Ae  =  0.30  eV.  The 
indirect  bandgap  of  the  epilayer  of  /?-Sio.n2Geo.86Sn0.o28/«-Si  sample  was  estimated  to  be 
0.780  eV  and  the  direct  bandgap  energy  value  was  estimated  to  be  0.845  eV,  which  is 
close  to  predicted  values  of  0.85  eV. 

No  room  temperature  PL  of  the  />S  iGeS  n  epilayers  was  observed.  The  strong 
room  temperature  luminescence  of  the  p- type  Ge  substrate  direct  and  indirect  bandgap 
was  observed  at  0.78  eV  and  0.68  eV,  respectively.  At  15  K  the  substrate’s  no-phonon 
indirect  luminescence  was  estimated  to  occur  at  0.74  eV  and  the  transverse  acoustical 
phonon-assisted  luminescence  was  32  meV  lower.  At  15  K,  the  sample  with  600  nm 
epilayer  thickness  showed  luminescence  of  the  epilayer  at  2  orders  of  magnitude  less  than 
the  p- Ge  substrate.  The  onset  of  luminescence  was  at  0.885  eV. 

1.16  Significance  of  Research 

This  study  represents  the  first  temperature-dependent  Hall  effect  measurements 
performed  on  /?-Sio.o8Geo.9oSno.o2/p-Ge(100).  The  identification  of  an  interfacial 
conducting  layer  at  the  interface  between  the  substrate  and  epilayer  was  analyzed  and  the 
corrected  acceptor  activation  energy  for  boron  were  estimated  to  be  10.7  meV  with  the 
two  conducting  layers  model. 

This  study  also  conducted  the  first  valence  band  transmission  measurements  of  p- 
Sio.o8Geo.9oSno.o2/p-Ge(100)  and  calculations  of  the  hh,  lh,  and  so  band  effective  mass 
values  were  made.  The  obtained  effective  mass  values  should  prove  to  be  useful  in  the 
future  theoretical  and  experimental  analysis  on  SiGeSn  band  structure.  Further, 
transmission  measurements  performed  on /?-Sio.ii2Geo.86Sno.o28/«-Si  allowed  for  the 
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estimation  of  the  direct  bandgap  and  indirect  bandgap  energy  values  of  0.845  eV  and 
0.780  eV,  respectively.  The  estimated  direct  bandgap  energy  value  was  50  meV  less  than 
predicted  values  for  this  sample.  The  estimated  indirect  bandgap  energy  was  the  first 
reported  value  for  the  indirect  bandgap  for  boron  doped  Sio.n2Geo.86Sno.028- 

1.17  Recommendations  for  Future  Research 

Future  research  should  include  derivation  of  the  alloying  scattering  coefficient  for 
p-SiGeSn  [24],  This  would  prove  to  be  useful  in  comparing  theoretical  mobility 
dependence  on  temperature  to  experimental  data.  Measurements  of  the  back  side  of  each 
sample  would  prove  to  be  helpful  in  evaluating  the  electrical  properties  of  the  epilayer 
alone.  Further  theoretical  work  should  also  be  done  to  model  and  analyze  the  band 
structure  of  />SiGeSn.  There  is  currently  only  one  theoretical  band  structure  study  that 
has  been  done  but  only  for  a  single  alloy  concentration  [27],  Reflectivity  and 
spectroscopic  ellipsometry  using  whole  or  half  wafers  of  /?-SiGeSn  could  prove  to  be 
invaluable  in  finding  the  exact  energy  values  of  the  indirect  and  direct  bandgap  of  future 
samples. 

A  temperature  dependent  study  of  intervalence  band  transitions  using  double 
sided  polished  whole  wafers  would  provide  for  more  accurate  analysis  of  the  effective 
masses  of  three  valence  bands.  Having  a  double  sided  wafer  will  reduce  scattering  and 
increase  the  measured  signal  to  noise  ratio.  As  shown  in  [17],  when  reducing  the 
temperature,  the  peaks  from  the  transitions  between  the  lh-hh  bands,  so-lh  bands,  and  so- 
hh  bands  reduce  and  become  more  narrow.  This  is  beneficial  because  the  fit  of  equations 
(2. 13)-(2. 15)  will  be  more  accurate  due  to  a  decrease  in  overlap  from  the  three  band 
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transitions,  assuming  there  is  enough  signal  to  observe  the  transition  peaks.  For  p-Ge  the 
lh-hh  transition  and  so-hh  transition  peaks  are  observable  at  temperatures  as  low  as  5  K 
[17],  although  the  so-lh  transition  is  unobservable  at  77  K. 

The  low  growth  temperatures  of  250-350  °C,  bandgap  engineering,  and 
integration  on  various  semiconductors  make  SiGeSn  alloys  an  exciting  and  interesting 
topic  of  future  research.  Overall,  characterization  of  both  the  direct  and  indirect  bandgap 
energies  as  functions  of  Si  and  Sn  concentration  should  have  priority  in  any  study  of 
SiGeSn.  Considering  that  the  absorption  coefficient  of />-Sio.ii2Geo.86Sno.o28/«-Si  was 
found  to  be  comparable  to  Ge,  SiGeSn  does  appear  to  have  promising  uses  as  a  photo¬ 
detector  or  solar  cell.  This  is  especially  true  if  it  possible  to  engineer  the  bandgap  to  be  1 
eV,  which  is  currently  an  energy  range  of  interest  in  the  photovoltaic  industry  [25],  Use 
of  SiGeSn  as  a  gain  medium  may  be  possible  in  the  future.  However,  more 
characterization  of  direct  bandgap  SiGeSn  alloys  is  needed.  Even  so,  SiGeSn  could  still 
be  incorporated  into  a  lasing  device  as  a  buffer  layer  for  integration  onto  different 
semiconductor  structures. 
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Appendix  A 


Hall  Effect  Measurement  System  Diagram 
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Controller 


LakeShore  662  EM 
Power  Supply 


/ 
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Appendix  B 


Responsivity  Curve  for  the  InGaAs  Detector 


Figure  27.  Responsivity  curve  for  the  InGaAs  detector,  provided  by  the  manufacturer: 
Teledyne  Judson  Technologies®. 
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Intensity  (V) 


Appendix  C 


Response  Curves  for  InGaAs  and  Ge  Detectors* 


Wavelength  (nm) 


Figure  28.  Response  curves  measured  with  the  InGaAs  and  Ge  Detectors  used  in 
photoluminescence.  The  Ge  detector  is  1368  times  more  sensitive  at  its  peak  responsivity 
when  compared  to  the  peak  responsivity  of  the  InGaAs  Detector*. 


*Data  by  T.  Harris,  PhD  student  at  AFIT. 
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Appendix  D 


Hall  Effect  Measurement  for  Magnetic  Field  Correction 

>  Resistivity 

Let  Bs  =  sample  field  and  BP  =  field  at  magnetic  pole. 
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At  two  different  fields:  BPi,  BP2,  Bsi,  Bs2 
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Appendix  E 


Additional  Experiments 

G.l  Spectroscopic  Ellipsometry 

Spectroscopic  ellipsometry  experiments  were  performed  at  Air  Force  Research 
Laboratory’s  Materials  Directorate.  Spectroscopic  ellipsometry  measures  the  change  in 
polarization  state  of  light  reflected  from  (or  transmitted  through)  a  surface.  Specifically 
¥  and  A  are  measured  and  are  related  to  the  reflected  polarization  by 

l=tan(T)e“  (E.l) 

where  tan  OF)  is  the  amplitude  of  the  ratio  of  reflection  from  the  p  and  s  waves  and  A  is 
the  phase  shift.  Using  the  Fresnel  equations  along  with  the  values  from  equation  E.l,  the 
real  part  of  the  index  of  refraction,  n,  the  imaginary  part  of  the  index  of  refraction,  k,  and 
the  real  and  imaginary  dielectric  constants,  elt  and  e2  may  be  calculated.  The  apparatus 
used  was  a  J.A.  Woollam  Co  Inc.  V-VASE.  All  5  /?-SiGeSn  samples  were  measured 
using  samples  of  approximately  5  mm  x  5  mm.  The  measurement  range  and  step  size 
were  1.00  eV  to  0.564  eV  and  0.001  eV  respectively.  Three  measurements  of  each 
sample  were  taken  at  angles  65°,  70°  and  75°. 

Due  to  the  samples’  small  sizes  and  the  proximity  of  the  yO-Si0.08Ge0.90Sn0.02  band 
edge  to  the  p- Ge  band  edge,  no  critical  points  corresponding  to  the  epilayer  could  be 
resolved  in  the  spectrums  of /?-Sio.o8Geo.9oSno.o2/p-Ge.  The  yO-Sio.i  12Ge0.86Sn0.028/H-Si  did 
show  one  possible  critical  points  at  75°,  corresponding  to  0.85  eV  as  shown  in  figure  29. 
Further  analysis  via  a  multilayer  model  needs  to  be  done  to  verify  this  critical  point. 
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Wavelength  (pm) 
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Figure  29.  Second  derivative  of  the  real  and  imaginary  dielectric  constants,  e 1  and  e2 
(dashed,)  as  a  function  of  energy.  The  measurements  are  displaced  for  clarity.  One  critical 
point  is  observed  at  0.85  eV. 


G.2  Franz  Keldysh  Effect 

Using  a  multimeter  and  a  12  V  power  supply,  a  measurement  of  transmission  was 
performed  on  the  750  nm  thick  /?-Sio.o8Geo.9oSno.o2/p-Ge  sample  with  ohmic  contacts  on 
the  FTIR  as  shown  in  figure  30. 
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Figure  30.  Transmission  with  a  parallel  to  surface  electric  field  experiment.  The  dashed  circle 
indicates  the  portal  through  which  transmission  was  measured  by  the  FTIR. 


The  purpose  of  the  experiment  was  to  examine  the  shifting  of  p-Ge  substrate  band 
edge.  This  will  determine  if  interrogation  of  the  />-Sio.o8Geo.9oSn0.o2  epilayer  band  edge 
might  be  possible  with  an  applied  electric  field.  From  Fox  [20],  the  epilayer  band  edge 
may  be  observable  due  to  the  lowering  of  the  band  edge  with  increasing  electric  field,  F, 
by 


CC~e  3\q\hF'~  9  J  t 


(G.2) 


where  h  is  Plank’s  constant  divided  by  2n,  q  is  the  magnitude  of  charge  of  the  electron, 
Eg  is  the  bandgap  energy  of  the  material,  m*  is  the  effective  mass,  and  ho)  is  the  incident 
energy.  The  band  edge  of  the  epilayer  was  not  observed,  however  changes  in  valence 
band  transitions  were  measured  as  shown  in  figure  3 1 .  This  could  lead  to  an  interesting 
future  study. 
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Figure  31.  Change  in  absorbance  as  a  function  of  energy  with  a  parallel  field  applied  to  the 
epilayer  of  the  750  nm  thick  /7-Si0.o8Geo.9oSn0.o2//7-Ge.  An  applied  electric  field  of  0.15,  0.88. 

7.3,  10.2,  and  11.7  V/cm  is  shown.  The  so— >hh  and  lh— >hh  showed  decreased  absorption  while 
the  so— dh  exhibited  increased  absorption. 
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Appendix  F 


Carrier  Concentration  and  Mobility  for  the  p-Sio.mGeoMSnoms/n-Si  Sample 


The  carrier  concentration  and  mobility  for  the  />-Sio.ii2Geo.86Sno.o2s/«-Si  are  shown 
here  for  reference.  These  data  were  measured  by  Dr.  M.  Ryu  at  the  Air  Force  Institute  of 
Technology.  This  sample  differs  from  the  four  />-Sio.o8Geo.9oSno.o2/p-Ge  samples  in  that  a 
type  conversion  occurs  at  395  K.  This  is  due  to  the  larger  electron  mobility  compared  to 
the  hole  mobility  in  the  intrinsic  regime  as  shown  in  figure  32.  Additionally,  the  onset  of 
the  intrinsic  regime  is  closer  to  room  temperature.  Around  700  K,  several  data  points 
appear  to  diverge  from  the  trend  below  that  temperature.  This  is  due  to  poor  thermal 
contact  of  the  sample  and  the  hot  finger. 
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Figure  32.  The  carrier  concentration  and  hall  mobility  as  a  function  of  inverse  temperature  for 
the  /;-Si0.ii2Geo.86Sn0.o28/w-Si  sample,  corresponding  to  the  left  and  right  axes,  respectively.  Type 
conversion  occurs  at  395  K  due  to  the  larger  electron  mobility  than  hole  mobility  in  the  high 
temperature  regime. 
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